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ABSTRACT

We report the discovery of Cepheid variable stars in the galaxy NGC 4414,
as part of the Hubble Space Telescope ( HST) Key Project on the Extragalactic
Distance Scale. Observations were obtained with the IIST Wide IField and
Planetary Camera 2 (WFPC2) for 13 epochs at V (F555W)and 4 at I (F814W).
Photometry was performed using two independent programs, DoPIHOT and
DAOPHOT/ALLIFR AME. We find 11 Cepheids with high quality light curves
and well determined periods of 19 to 70 clays. Nine of these Cepheids are
used in fitting the Period—Tuminosity relation. Assuming a LMC distance
modulus of 18.50 mag and F(B — V)=0. 10, we derive a true distance modulus
for NGC 4414 of 31.38 + 0.21, corresponding to a distance of 18.9 + 1.9 Mpc.
We also derive a mean color excess for NGC 4414 of E(V — I)= 0.02 + 0.06.

NGC 4414 is a cdibrator of the Tully-Fisher and Type Ia supernova secondary
distance indicators, and we briefly discuss theimplications of the new distance

for these methods.

Subject headings: Cepheids - galaxies: distances and redshifts — galaxies:

individual (NGC 4414)
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1. Introduction

The goa of the FIST Key Project on the Fxtragalactic Distance Scale is to measure Ho
to an accuracy of 10%. Accurate distances to 18 nearby galaxies are being measured using
Cepheid variable stars. These distances will be used to calibrate several secondary distance
indicators, including the Tully-Fisher (TI") relation, the surface brightness fluctuations
method (SBT), the planetary nebula luminosity function (PNL F), the peak brightness
of Type la supernovae, and the SN Type I expanding photosphere methods ( EPM). A
more complete description of the project can be found in Kennicutt, Freedman, & Mould
(1995). Distances to M81, M101, M100, NGC 925, NGC 3621, NGC 3351, NGC 2090,
NGC 7331 and NGO 1365 have already been determined (Freedmanet al. 1994a, Kelson
et al. 1996, Freedman et cd. 1994b, Ferrarese ¢f al. 1996, Silbermannet al. 1997, Rawson
et al. 1997, Graham ef ql. 1997, Phelps ef al. 1997, Hughes ef al. 1997, and Madore ct

al. 1997, respectively).

NGC 4414 (2000 = 12 726™27.5°, §2000 = 431 °13/29”) is host of the Typela supernova
1974G (Ciatti and Rosino 1977). It is an Sc(sr) 11.2 galaxy (Sandage and Tammann 1981)
seen at an inclination of 56° (Aaronson ef al.1982b)and is a calibrator for the Tully-Fisher
relation. Previous distance estimates for NGC 4414 difler by as much as a factor two, from
10.5 Mpc (de Vaucouleurs1975)to 18.2 Mpc (Pierce 1994). NGC 4414 is often assigned
to the Coma | Cloud of galaxies (e.g. deVaucouleurs 1975, Sandage & Tammann 1975)
though this assigument is questionable, and we will addressthis issue later. NGC 4414
has a heliocentric recessional velocity of 720 + 11 km s| (de Vaucouleurs ef al. 1991) and
lies near thetriple valued region of Virgo supercluster inflow models (e.g. Aaronson et

al. 1982a).
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2. Observations and Data Reduction
2.1. Observing Strategy

Images of NGC 4414 were obtained with the ST WFPC2 camera. A detailed
description of the instrument can be found in the WIFPC2 Instrument Handbook (Biretta
et al.1996). The Wide Field Camera (WI'C)images onto three 800 x S00 CCD detectors,
each with 0'."10 pixels and a 1!3 field of view, The Planetary Camera (PC) makes use of a
fourth CCD and has a 34" field of view with (/046 pixels. All observations presented here

were made with a gain setting of 7 e~ /DN and at a CCD operating temperature of —88°C.

Figure 1 shows a ground-based B band image of NGC 4414 taken at the Fred Lawrence
Whipple Observatory 1.2 meter telescope in~ 2'.'5 seeing, withthe footprint of WFP(C2
overlain. A mosaic of the median images in al WIFPC2 chips is shown in Figure 2. The
small field was imaged by the Planetary Camera (PC); we refer to it throughout this paper
as chip 1. We refer to the Wide Field Camera (WFC) fields as chips 2 through 4, in

counter-clockwise direction from the PC, as projected on the sky.

A log of observations is givenin Table 1. Twelve V (I'555W), four | (F814W)and two
B(FF439W) epochs were obtained between April and June 1995 over a 62 day window. As
with the other galaxies observed as part of tile Key Project, the temporal sammpling of the
observations was chosen to mMaXimize the probability of detecting Cepheids with periods
between 5 and 60 clays (Freedman et al. 1994a): the probability of discovering a Cepheid
with given period in the V—band NGC 4414 data (accounting only for phase-coverage,
not other limiting factors such ascrowding) is shown in Figure 3, calculated using the
precepts of Saha & Hoessel (1990). To facilitate cosmic ray (CR)removal and OPtimize the
Cepheid—finding algorithms (see section 4), eachobservation consisted of a pair of CR split

images, for a total integration time of 2500 secondsin each filter. Tile IZbandimages were



-6 -

found to have a low signal to noise ratio, and are not discussed further’ in this paper. An
additional V epoch was obtained in April 1996, approximately one year after the end of the

main observing window, in order to constrainthe periods of the longer-period Cepheids.

2.2. Data Reduction

All images were processed with the standard Space Telescope Science Institute (STScl)
pipeline described by Holtzman ef al. (1995a), using the most up-to-date calibration files
available at the time the data were taken. Briefly, pipeline reduction includes correction
of small analog-to-digital (A/D) errors, subtraction of a bias level image, subtraction of a

super-bias image, subtraction of a dark frame, and division by a flat field.

The data were then processed with standard team reduction steps as described in
Ferrarese et al. (1996) and Stetson ef al. ( 1997). Bad columns and pixels were masked with
the data quality files produced by the pipeline. To correct for the geometric distortion in
the WFPC2 cameras, images were multiplied by a pixel area map, normalized to the area
of the median pixel in the image. This effect is not corrected by the standard pipeline flat
fields, which conserve surface brightness, but not integrated fluxes. Vignetted areas of each
chip were masked. Finally, all images were multiplied by 4 and converted to short integer
to reduce disk space and alow for data compression. This gives an effective gain of 1.75
e” /DN and a read noise of 4 IIN. For a more detailed description of standard Key Project

data reduction steps see Ferrareseefal. (1996) and Stetson etal. ( 1997).

3. Photometric Reduction and Calibration

The compact size and high surface brightness of NGC 4414 make it one of the most

challenging target fields in the Key Project sample (Figure 2). The bright stars are
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generally crowded and concentrated on the highersurface brightness areas of the galaxy.
The background surface brightness of the galaxy has a steep gradient. In addition, the
exposure times are relatively short for a target at the distance of NG C 4414. The center
of the galaxy is located in the PC field, and crowding problemsare especially severe,
compromising the photometric accuracy of the data in this field. Only one high quality
Cepheid (C12 in Appendix B) was found in the PCfield, and it lies near the pyramid edge
of the chip where the photometry may be unreliable. Therefore, we use only the Cepheids

found in the WFC fields to calculate the distance to NGC 4414.

Photometry was performed on the WI'PC2images through two parallel and independent
reduction tracks, each using a separate photometry program, AL L. FRAME/DAOPHOT ||
(Stetson 1994) and a variant of DoPHOT optimized for undersampled HST WFPC2 images

(Saha etal. 1996). Each reduction is described separately below.

3.1. ALLFRAME/DAOPHOT Reductions

To extract accurate photometry from al images, a complete star list was constructed
as follows. All available images from each chip were median combined to produce a deep,
clean, CR free image. DAOPHOT and ALLSTAR (Stetson 1987) were used to find stars,
add them to the star list, and subtract them from the median image to uncover other stars
on the image. After a fewv DAOPHOT/ALLSTAR iterations, the remaining stars visible on
the image were added to the list by hand. ALLFRAME (Stetson 1994) was then run on all
images using this initial star list. All star-subtracted images produced by AL FRAME were
again median combined and examined. Star-subtracted V and I images were also separated
by filter and median combined to locate any extremely blue or red stars. Any remaining
stars on these images were added to the final star list. The point spread functions (PSIEs)

created for WFPC2 images from public domainimages of the globular clusters Pal 4 and



_8-

NGC 2419 (Hillet al. 1997) were used by ALLFRAME to extract photometry for all stars

on the final star list.

A LLFRAMI instrumental magnitudes were converted to standard Johnson V and
Cousins I as described in Hillet al. (1997). In addition, a correction of 0.04 mag/800 pixels
in the y direction on each chip was made to correct for the charge transfer efficiency problem
in the WFPC2 CCDs (Holtzman 1995 b). A family of aperture corrections which convert
the instrumental PSF fit magnitudes to 0'.’5 aperture magnitudes were calculated with the
program DAOGROW (Stetson 1990), using /ST data from several globular clusters and
Key Project galaxies, including NGC 2419, Pa 3, Pal 4, M101, NGC 925, NGC 1365, NGC
3621, NGC 4725, NGC 7331, and of course NGC 4414. Adopted aperture corrections and
zero points are listed in Table 2. The conversion actuations used to transform AL'L FRAME

instrumental magnitudes to the standard system are of the form
M=m+25logt+ Al + A2 (V — ) 4+ A3 (V —I)? Q)

where M is the standard magnitude, 1 is the instrumental magnitude,t is the exposure
time, and Al through A3 are constants. A2 and A3 are taken directly from Holtzman et
al. (19953). Al accounts for the adopted zero point, aperture corrections, the normalization
of our pixel area map, and a factor of 2.5 log 4 from our conversion to short integer. Al, A2,

and A3 are listed in Table 2 for each chip and filter combination.

3.2. DoPHOT Reductions

DoPHOT reductions followed the process outlined in FFerrarese ef al. (1996). To
sumimarize, a master list of stars was compiled by running DoPTHOT on deep V and I images
|4

made by co-adding all I'655W and F814W frames, and removing cosmic rays according to

the procedure in Sahaet al. (1996). DoPIIOT was then run onthe resulting 12V and 4 1
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images, using the master star list asinput. A pert ure correct ions derived from observations
of .eo | (where the field was relatively uncrowded), withthe offset to NGC 4414 derived
from the deep V and ! images of NGC 4414 itself. Datafrom the globular cluster, Pal 4,

were then used to put the resulting magnitudes on the system of Holtzman et al. (1995a).

3.3. Comparison of ALLFRAME/DoPHOT Photometry

DoPHOT reductions were completed before the 1996 revisit data were available, so
all comparisons presented here are limited to the first 12 epochs of NGC 4414 data. A
comparison of ALLFRAME and DoPHOT photometry for the local standards is shown
in Figure 4 and summarized in Table 3. The agreement of the photometry for the
local standards is very good for all the WI'C fields, considering the severe crowding,
with the largest difference of about 0.06 mag in I in chip 4 and average differences

(ALLFRAME—DoPHOT) for all three chips of --0.040 +0.008 mag in V and +0.043+ 0.008

mag in I.

The comparison of A LLTRAME and DoPIl OT intensity-averaged magnitudes for each
of the Cepheid candidates is plotted in Figure 4 as solid circles. The mean difference is
+0.04 + 0.03 mag in V for chips 2 through 4, and +0.03 * 0.04 in I. The Cepheids are
typically Painter than the local standards, and as expected the scatter in the comparison
is larger, but it is clear that the Cepheids tend to lie within the envelope defined by the

standard stars.

4. ldentification of Variable Stars

Variable stars were identified following the procedures described in previous papers

in this series. However, because of the unusual level of stellar crowding inthis galaxy,



several diflerent variable finding tests were employedinorder to maximize the number of
variable star candidates. The lightcurvesof all candidates were rigorously checked in both
photometry sets. Only those stars which were independently confirmed in both photometry

sets were included in the final sample.

Three separate variable finding tests were used with the AL, FRAME data set. The
first method simply looked for stars with unusually highdispersion in their V magnitudes.
The second method used a correlated variability test suggested by Welch & Stetson (1993),
which takes advantage of the CR split data, since real variables will have a similar change
in magnitude from epoch to epoch in both of its CR split images; random noise and CR
hits will not be correlated in the CR split images, on average. The periods of the variable
candidates determined using a phase dispersion minimization routine as described by
Stellingwerf (1978). The third variable finding method, described by Stetson (1996), also
finds variable candidates using a variation of the Welch & Stetson (1993) technique, but

finds periods, mean magnitudes, and amplitudes by fitting template light curves.

The DoPHOT photometry was searched independently for variables, following the
procedures of Saha & Hoessel (1990) and I'errarese et al, (1996). A chi-squared test was
used, and stars that had a 99% confidence of being variable were checked for period icity

using a variant of the Lafler & Kinman (1965) method of phase dispersion minimization.

The final Cepheid sample was compiled from these lists of variable candidates. In
cases where a promising candidate was initially discovered in only one photometry set,
it was extracted by hand fromthe second. If the second light curve was convincing and
consistent with thefirst, it was also added to the variable star lists. The light curve from
each potential variable was examined and candidates were confirmed on the basis of light
curve shape, amplitude, and consistency between the two photometry sets. The images

were visually examined to ensure variability, and to confirm that candidates were not in
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extremely crowded regions. The images were blinked visually as afinal check. Qur final
sample includes 11 Cepheid candidates, 9 of which we use to fit the period-luminosity (PL)

relation.

Finder charts for the Cepheid candidates are shown in Figures 5 and 6. Figure 5 shows
the PC chip and each of the three WI'C chips with the locations of the Cepheidfields
indicated. Figure 6 shows small 51 x 51 pixels fields centered on each Cepheid candidate,
corresponding to a 5" field of view. In addition to these Cepheid candidates, there were 10
variable candidates that were not retainedin our final list. These possible Cepheids are also

markedin Figure 5 and are described in more detailin Appendix B.

5. Light Curves and Cepheid Parameters

Since the ALLFRAMFE photometry set includes the revisit data, all periods and
mean magnitudes presented here are based on the A L FRAME photometry. In all cases,
the DoPHOT photometry is consistent with the periods and magnitudes presented (the
DoPHOT-based analysis is swinmarized inthe next section). The magnitudes for tlieCR
split pair within each epoch were averaged and CR contaminated photonetry rejected. The
resulting V and I photometry for each epoch is givenin Tables 4 and 5. Lightcurves for the

Cepheid candidates are plottedin Figure 7.

As with other Key Project galaxies, bothanintensity-averaged magnitude

Ny
m = —2.5log Y =107, (2)
=1 n
and a phase-weighted mean magnitude
m = —2.0log 20.5 (dig1~ Pi-1) 107042 (3)
=1

were calculated, where n is the total number of observations, and m; and @i are the

magnitude and phase of the ith observation in order of increasing phase. For variables
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withuniformly sampled light curves, these two magnitudes coincide. For our sample of

Cepheids the difference between phase weighted mean maguitudes and intensity-averaged
magnitudes is 0.034 £+ 0.027 at V and 0.024 4 0.014 at I, in the sense that phase-weighted
mean magnitudes are slightly fainter. The choice of phase-weightedor intensity-averaged

magnitudes will be shown not to affect the distance modulus to NGC 4414 significantly.

Ouly four epochs were observed at I, and the poor phase coverage makes both the
intensity-averaged and phase-weighted magnitudes. poor representations of the I mean
magnitude. Freedman (1988) showed that Cepheids have very good correspondence between
V and I light curves, and that the ratio of the V to I amplitude is1:0.51. We therefore
correct the/ mean magnitudes in the following way. We calculate the mean V magnitude
at only those epochs where I observations were also made. The difference in the 13-epoch
and 4-epoch V magnitudes is multiplied by the I to V Cepheid amplitude ratio, and then
added to the I magnitude, averaged over four epochs. This yields the corrected mean I
magnitude. Because the light curves are well sampled in amost all cases, corrections for
NGC 4414 were typically very small, aboul +0.05 mag, with an average of —0.036 + 0.023

mag,and a maximum correction of —0.17 mag.

For each Cepheid candidate, Table 6 presents the chip number, coordinates, period,
intensity-averaged and phase-weighted mean V and I magnitudes and errors, the [/
band correction described above, and a description. Figure 8 snows an/ versus V — T
color magnitude diagram (CMD) of all the stars on chips 2 through 4 with the Cepheid
candidates overplotted as solid circles. The CMD lacks the well defined main sequence
and red supergiant plume that are seen inmore nearby and less crowded galaxies like M81
(Hughes et al. 1994) and NGC 925 (Silbermann ef al. 1996). This is undoubtedly a result of
the extreme crowding in NGC 4414. Most of the Cepheid candidates lie in the area of the

instability strip.



-13-

Two of the Cepheid candidates were excluded from the P, fit for the following reasons.
[mages are still spherically aberrated when they intersect the pyramid mirror, so al stars
within roughly 1'.’25 of the edgeof any chip have their light split between two chips. Cepheid
candidate C9 was excluded from the fit to the Pl. relation because it lies near the pyramid
edge of chip 4. A back-of-the-envelope calculation shows that up to 18% of C9’s light may
be lost. Candidate C6 was aso checked for this effect, but was found to lose < 1% of its
light, so it was retained in the PI.fit. We have retained candidate C4 in the final Cepheid
sample because of its classic Cepheid light curve at V, but have excluded it in fitting the
PI, relation clue to its unusualy red color, V — I = 1.60 in the ALLFRAME phase-weighted

photometry.

6. Period Luminosity Relations and the Distance to NGC 4414

The method used to determine the distance to NGC 4414 is the same as that used in
other papers of the Key Project series. A more detailed description of this method is given

in Ferrarese ef al. (1996). only a brief summary will be provided here.

The apparent V and I distance moduli to NGC 4414 were derived using the standard

V and/ PI, relations listed by Madore & Freedman (1991), based on LLMC Cepheid
data, scaled to a true modulus of 18.50 and corrected for an average I.MCreddening of

(B -V) = 010 mag. The adopted PI, relations are

and

M =—3.06(log P — 1.0) — 4.87 (5)

The slope of the PL relations was fixed to those of the LMCiu the fit to the NGC 4414

Cepheid data. By solving for only the zero point in the regression, we avoid bias in tile
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slope due to incompleteness at faint magnit udes.

The V and [ phase-weighted Pl, relations for NGC 4414 are shown inFigure 9. open
circles are Cepheid candidates which were not used in thefit for reasons discussed in the
previous section. The solid lines represent the best fittothe LMC PI, relations, while the
dotted lines show two sigma deviations from the mean I.MC PI, relations, at +0.54 for V
and +0.36 for | (Madore & Freed man 1991). Given the width of the instability strip, almost
al Cepheids will fall inside these limits, in the absence of differential reddening. These PI,
relations give apparent distance moduli of jtv = 31.43 4: 0.12 and p; = 31.41 + 0.09, where

the quoted errors are calculated from the scatter in the NGC 4414 Pl, relations.

Much of the scatter in the V andl PI, relations is correlated between the bandpasses,
due to the effects of differential reddening and position within the finite width of the
instability strip. Figure 10 shows a plot of the I-band PI, residuals versus the V-band
residuals for the NGC 4414 Cepheids. The solid line shows the slope and full width of the
expected correlation due to intrinsic instability strip width. The clotted line shows the
effect of differential reddening. There is good agreement between the data and both the
expected width and slope of the residual correlations, Uncorrelated photometric errors
of approximately 0.09 mag, divided between the V and [ photometry are the most likely

source of theremaining scatter shown in Figure 10.

To derive the true distance modul us for NGC 4414, we must correct for the average

line-of-sight reddening to the Cepheids. The true distance modulus p, defined as
[t :ILV—AV:I[[_A[, (6)

requires that

v — g = A—- A= L(V = 1). (7)

For our sample of Cepheids, we find F/(V —TI)= 0.02* 0.06 mag. The Cardelli et al. (1989)



extinction law gives

A(D)JA(V)= 0.773 — 0.587/ Ry (8)

with Bv = A(V)/ E(B — V) for the Johnson V and Cousi ns I passbands. We assume
Ry = RIMC =330 as in previous papersinthe series, e.g. Ferrarese et al. (1996). This
gives a true distance modulus to NGC 4414 of jip=31.38 + 0.09, corresponding to a

distance of 18.9+ 0.8 Mpc.

The choice of photometry set or method for finding Cepheid mean magnitudes does
not affect our derived distance modulus. Distance moduliderived from AL, FRAME and
DoPHOT intensity-averaged and phase-weighted magnitudes are given in Table 7. The
effects of excluding the most deviant point in the sample, Cepheid candidate C6, as well as
inducting all Cepheid candidates, are also shown. Each of these moduli is consistent within

the errors with the modulus derived from ALLFRAME phase-weighted magnitudes above.

The errors cited above are all internal errors, arising from the scatter in the NGC 4414
Pl, relations. To get a more realistic estimate in the uncertainty in the distance, we must
consider other possible random or systematic errors in the Cepheid PI, fitting method. Table
8 presents the error budget for the distance to NGC 4414. We include the uncertainties
due to metallicity, LMC distance modulus, and photometric calibration, in addition to the
uncertainty arising from the scatter of the PI, relations, correlated between the V and/

bandpasses.

A potential source of systematic error inthe distance to NGC 4414 is the possible
metallicity dependence of the Cepheid PL relation at V and 7. Kennicutt et al.(1997)
have analyzed 11ST photometry of two Cepheid fields in M101, andfind weak evidence for a
metallicity dependence, at the level of d(m — M)y/d[O] H]=—0.24 +0.16 mag/dex. If the
average abundance of the NGC 4414 Cepheids differs substantially fromthat of the LMC

Cepheids which calibrate the PIL. relation, this couldintroduce asmall but significant error
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in the derived distance.

Unfortunately there are no published ITIT region abundances available for this galaxy,
so we can only estimate the abundance of the Cepheid field, using the relation between
absolute magnitude and abundance of Zaritsky, Kennicutt, & Huchra (1994). Combining
the distance measured in this paper with photometry from Tully (1988) yields an absolute
blue magnitude Mg = -20.3 for NGC 4414. The mean HII region abundance of Sc
galaxies in the Zaritsky ef al. (1994) sample is log(O/H) = -3.1, or approximately solar,
measured at the average radius of the Cepheids(p/pPo = 0.6). This crude estimate is
uncertain by at least a factor of two, clue to the dispersion in the metallicity-luminosity
relation. Thus the NGC 4414 Cepheids are likely to be ~ 2 times more metal-rich than the
LLMC Cepheids, which could cause the Cepheid distance of NGC 4414 to be underestimated
by <0.1 magnitudes. Given the uncertainties in these estimates, we have not attempted to
apply a metallicity correction, and instead include the uncertainty in the error budget in

Table 8. We plan to measure H Il abundances for this galaxy, and will revisit this question

at the conclusion of the Key Project.

7. Comparison to Previous Distance Estimates

Previous distance estimates to NGC 4414 have been either based on measurements
of NGC 4414 itself or on indirect estimates via its assumed membership in the Coma |
Cloud. Table 9 compares our measurement to previous distance estimates for NGC 4414,
Most of the recent measurements to NGC 4414, based on either the TF method or the peak
brightness of SN 1974G, lie in the 17-18 Mpcrange, in excellent agreement with our value
of 1s9 + 1.9 Mpc.

As mentioned earlier, thedistributionof galaxies in the Coma lregion appears to
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be much more complex than originally assumed. The Coma I Cloud is the classical
deVaucouleurs (1975) group 13, and the Coma-Sculptor cloud of Tully (1988).1t is a loose
group, spread over more than 10°, with acore of elliptical, Aaronson & Mould (1983)
examined the Tully-Ilisher relation for the Coma I group,and found an unusually large
dispersion. The CfA2 redshift survey shows only a loose association of galaxies around
NGC 4414, perhaps two groups slightly offset inright ascension centered around 12*20™ and
700 kill s=! and 12*15™and 1000 km s~ !(Iuchra & Geller 1997). The Virgocentric flow
model (Aaronson et al. 1982a) is unhelpful, because NGC 4414 is 18° away from the center
of the Virgo cluster and in the “triple-value zone, ” where distance is not a single valued
function of redshift. Distances determined for some other members of Coma | by the SBF,
PNLF, or GCLF methods are significantly lower than that derived for NGC 4414 (Jacoby et
al. 1996, Flemming el al. 1995, Simard & Pritchet 1994). However, arecent determination
of the distance to the Coma I Cloud using SBI" distances to 4 galaxies yields a distance of
about 15 Mpc (Tonry, private communication). Taken together, these results suggest the
Coma | Cloud may not be a distinct group, but infact be aprojection of galaxies along the
line of sight, or perhaps two superposed groups. Our distance to NGC 4414 is therefore of

limited use for calibrating secondary distance indicators pertaining tothe Coma | Cloud.

8. Implications for Secondary Distance Indicators

NGC 4414 acids important calibration points for both the TF relation and the SN
[apeak brightness methods, More complete discussions of the impact of the Key Project
distances on these calibrations will be presented inthe future. Here, we briefly discuss the

consistency of the NGC 4414 results with existing calibrations.

In Figure 11, calibrators of the TT relationare plotted (Mouldef «l. 1995 and

references therein). We use our new Cepheid distance modulus and [[€ 5 = 7.83 mag and
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AVyy = 509 km s71 from Aaronson et al. ( 1982b) to place NGC 4414 on this plot, shown as
an open circle with error bars. The overplotted line is the calibration of Mouldef a. ( 1995).
The new Cepheid distance to NG C 4414 places it approximately 0.3 mag above this line,

well within the observed scatter of 0.5 mag.

NGC 4414 was host to a Type la SN, 1974(. Photographic photometry published
by Ciatti & Rosino (1977) and subsequently reaualyzed by Leibundgut ef al. ( 1991) and
Vaughan etal. (1995) are shown in Table 10, along with the reddening corrected values, and
the Mg and My magnitudes of SN 1974G derived using our new distance to NGC 4414. The
reddening corrections to the observed values are quite uncertain, given the large uncertainty
inthe observed color ancl intheassumedintrinsic (3 —V) g, .. for the supernova. The
absolute magnitudes of SN 1974G are in reasonable agreement with the average SN
Type la luminosities as determined by Saha etal. (1997), My = -19.52 4 0.07 and
MY

mazr

—-19.48 + 0.07. For comparison, the calibration of Hamuy efal. (1996) gives
Mp, . =-19.26 + 0.05 and My, = -19.27 + 0.05 for Amys(B) = 1.1, which is consistent
with the Amis(B) of the lightcurve of SN 1974G (Leibundgut et al. 1991). It is clear that
the usefulness of SN 1974G as a calibrator of the SN Type la secondary distance indicator
is limited by the quality of the photometry of the supernova, and not by our derived

distance to NGC 4414. This situation may improve as B. Schaefer (private communication)

is reanalyzing unpublished photometry of SN 1974G.

The work presented in this paper is based on observations withthe NASA/ESA Hubble
Space Telescope, obtained by the Space Telescope Science Institute, which is operated
by AURA, Inc. under NASA contract No. 5-26555. Support for this work was provided
by NASA through grant GO-2227 -87A.This research has made use of the NASA/IPAC
Fxtragalactic Database (NED)which is operated by the Jet Propulsion Laboratory,

Caltech, under contract with the National Aeronautics and Space Administration. A.T.
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A. Local Standards

Several relatively isolated stars were chosen on each WI'C chip to serve as local
standards. In addition to their isolation, these stars were picked because their profiles
were well fit by ALLFRAME, photometric errors were small with good frame-to-frame
repeatability their sky background was uncomplicated, and they were relatively bright.
The V and I magnitudes of these stars derived from their ALLFRAME photometry are

given in Tables 1 la-c.

B. Other Possible Variables

Several variable candidates were excluded from the list of Cepheid candidates, due to
the shapes of their light curves, low amplitude, inconsistency between photometry sets,
degree of crowding, or location on the PC. Those candidates which appear to have real
variability are listed in Table 12 along with their chip number, coordinates, possible period,

and intensity-averaged V and I magnitudes. Finder charts are given in Figure 12.
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TABLE 1
[LOG OF QOBSERVATIONS

[mage Root Name

Obs. Date
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2449817.9229
2449817.9367
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TABLE 2
ALLTRAME CALIBRATION

Filter ~ Chip  Zero  Poiut Ap. Cor. Al A2 A3
F555W 2 22.522 +0.057 -0.900 -0.052 +0.027
3 22.530 -0.027 —-0.976 -0.052 +0.027

4 22.506 +0.015 -0.958 -0.052 +0.027
F814W 2 21,657 +0.054 -1.768 -0.063 +0.025
3 21.638 +0.010 -1.831 -0,063 +0.025
4 21.609 +0.056 -1./314 —0.063 +0.025

TABLE 3
CoMPARISON OF ALLFRAME ano DOPHOT MacnNITUDES

Chip # Stars <AV > oav # Stars <Al > oA}
(V) (1)

2 22 —-0.044 4+ 0.017 0.076 21 +0.04s + 0.014 0.063

3 36 -0.042 + 0.010 0.057 33 +0.033 + 0.009 0.052

4 13 —-0.030 + 0.021 0.071 12 +0.064 + 0.023 0.072

2-4 71 —-0.040 + 0.008 0.067 66 +0.043 + 0.008 0.061

Nors.—Amag = magasrepamt; — MNa8DorHOT



TABLE 4

AL L FRAME V PHOTOMETRY FOR THE FINAL SAMPLE

V4 AV
D CIP =455 C2P=204C3P= 338 C4P = 369 CHP=264C6P = 28.8
244981425  26.54+ 016 26.16 4-0.21 25.47 +0.08 2584+ 016 26.05+0.16  25.53+ 0.0s
2449 51616 26.59+ 013 25.7140.13 25.53+0.16 25324015  2(579+012 2510+ 0.13
244981790 26.31+ 016 25.8440.12 25.69+0.11 25844014 2627 +0.16 24.93+0.07
244982031 2577+ 011 25.92%0.08 25.65+ 0.09 2593+0.17  26.404,0.19 2501 +0.07
244982326 2527 4+ 010 26.70 +0.14 25.71 +0.08 26.06+0.17 26.5040.16 2507 +0.08
244952735 2554+ 011 27.2140.33 25.87+0.11 26354017 2681+ 026 2519 +0.09
244983176 2589 4+ 013 26.77+0.18 25.89+0.11 26.60+ 035 26884022 2505+0.15
2449837.26 2577 + 011 25.83+0.08 25.15+0.07 26794024 25554010 2561 +0.13
244984376  26.474:0.18 26.23+0.13 25.29+ 0.08 26.79+025  26.23+0.12  25.60 +0.15
2449852.88 2646 + 017 26.59+0.14 2540+ 0.09 25994020 26754018 2509 +0.10
2449564.28  25.7540.11 26.69+0.12 25.99 +0.10 26444021  25.324:0.10 2572+ 0.15
244957862 2556 4+ 010 26.11+0.09 25.32+0.07 . . . 27214028  24.96 +0.09
2450189.08 2556+ 0.31  26.34 £ 0.17 25.52+0.09 26074016 26.35+0.16 2539 +0.13
V+ AV
IJD  C7TP =682 C8 P=10.0 COP =408 CI0 P =427 CII P =34.0
2449814.28 2555 + 0.10 26.06 + 0.09 25.86 + 0.13 2649 +0.14  26.12+0.20
2449816.16 25.50 +0.08 26.10 +0.14 25.74 + 0.12  26.10+0.09  26.14 + 0.13
2449817.90 25.45+0.0826.23 +0.1125.67 +0.13 25834011  26.05+0.16
244% $20.31 25.51 +0.0726.19+0.1125.69+0.10 25534013  25.65:+ 0.19
2449 $23.26 25.4740.0826.65 4 0.1725.83 4 0.10 2537 40.08  25.43:+0.15
2449 $27.35 25.62+0.0827.37 4 0.4426.19+0.10 25514008  25.460.13
2449831.76 25.7340.1025.98+0.1126.28 4 0.11  25.624+0.09  25.61+0.11
2449837.26 25.38+0.0826.24+0.1525.34 +0.08 2586+ 0.09  25.80++0.13
2449843.76 25.14 +0.06 26.89 + 0.18 25.29 + 0.08  26.12+0.11  25.74+0.12
2449 $52.88 24.95+0.0725.73 4 0.16 25.64 + 0.08  26.48+0.12  26.06 0.12
2449864.728 25.23 +0.09 27.08%0.23 26.00 + 0.11  25.46+0.07  25.51+ 0.06
2449 S7S5.62 25.38 4 0.0926.80 +0.2125.24 +0.09 2574+ 0.11  25.714 0.12
2591+ 010 26314 013 26.214 0.15

2.4.50189.0s 24.90*0.06

Nore.—Quoted errors do not include uncertainty in photometric calibration.



TABILIVS
ALLTFRAME T PHOTOMETRY FOR THE FINAL SAMPLE

I+ AT

HJD ClP=455C2P =204 C3P =338 C4P= 369 C5 P = 264C6 P =288
2449814.35 2,5.46 -+ 0.14 25.42 4 0.13 24.60 + 0.06 24.55 4 0.17 24804012 24.76+ 0.14
2449817.96 24.75 £0.1225.52 4 0.14 24.63+ 0.12  24.83 4+0.13 25.41 +0.17  24.28 4+ 0.12
2449831.90 24.78 £0.1225.57 +0.1724.86 +0.12 24.82 +0.13 25.66+ 0.17 2459 +£0.11
2449878.68 24.774+0.10 25.11 +0.12 24.59 4 0.07 25.04 + 0.27 25.92 +0.24 24.40 4+ 0.15

o I 7Y -
HJD CTP=682CRP =100 (9P =408 Cl0P=427 Cllp= 34.0
‘2449814.35 2428 +0.0625.46 + 0.12 24.7340.08 25.01 £0.08  25.26 + 0.30
2449817.96 24.29 4 0.08 25.82 4+ 0.19 24.76 4: 0.07  24.99 + 0.09 25.19 +0.15
2449831.90 24.54 +0.08 25.83+ 0.14 25.184-0,08 24.53 + 0.05 24.62 +0.13
2449878.68 24.22 + 0.07 25.89 + 0.21 24.61 + 0.09 24.89 140.16 24.67 +0.19
Nore .—Quoted errors do not include uncertainty in photometric calibration.
TABLE 6
PARAMETERS FOR THE NGC 4414 Cerueips

ID  Chip X Y p Vi oy, Ve ov, e oq, e ooy, T
Cl1 2 779.7 1400 455 2599 0.14 25.88 0.14 2489 0.12 2484 0.12 -0.07
C2 2 228.5 384.3 20.4 26.37 0.15 26.23 0.13 2551 0.15 2542 0.14 0.03
C3 2 145.7 696.6 33.8 25.51 0.09 25.55 0.09 24.69 0.10 24.65 0.09 -0.01
C4* 3 256.7 264.1 369 26.28 0.20 26.08 0.18 24.68 0.17 2466 0.17 -0.14
Ch 3 109.7 487.0 26.4 26.21 0.15 26.19 0,14 2522 0.16 2520 0.16 -0.17
C6 3 458 519.8 28.8 2523 0.11 2522 0.11 2460 0.13 2456 0.13 0.06
C7 3 348.9 647.6 68.2 25.29 0.08 25.34 0.08 24.27 0.07 24.24 0.07 -0.09
C8 3 365.4 770.8 19.0 26.39 0.15 26.35 0.15 25.85 0.17 25.80 0.16 0.07
C9* 4 695.0 50.8 40. s 25.66 0.09 2571 0.10 24.78 0.08 24.79 0.08 -0.02
C1l0 4 505.7 484.5 42.7 25.87 0.10 25.82 0.10 24.820.09 2481 0.09 -0.03
Cl} 4 406.0 83.5 34,0 25.71 0.13 25.78 0.13 24.78 0.16 24.86 0.18 -0.04

“excluded from P1.fit
Nore.—All paraimeters derived from ALLFRAME photometry. Cl-crowded, 3 fainter stars at 03~
0"5. C2- several fainter stars at 0725-0"5. C3-bright and isolated. C4-faint, one bright star at ~0'3.

C5-bright Background. C6-bright, one bright star at ~073.

bright stars within 5. C9-two stars ~0'4 away. C10-brightand isolated.
background.

7T-bright and isolated. C8-bright, two

Cl 1- crowded, bright



TABLE 7
ComPARISON OF DISTANCE MobuLl

Photometry Set ity I, EV -1 ito
ALLFRAME phase-weighted 31.43 + 0.12 31.41 £+ 0.09 0.02* 0.06 31.38+ 0.09
ALLFRAME intensity-averaged 31.404+0.12 31.384+0.09 0.024+0.06 31.3540.09
DoPHOT phase-weighted 31.4240.10 31.40+0.08 0.024+0.08 31.37+0.17
DoPHOT intensity-averaged 31.39 # 0.10 31.36 4+ 0.08 0.03 £+ 0.07 31.32 + 0.14

A LLFRAME phase-weighted, C6 excluded 31.52 + 0.09 31.48 + 0.07 0.04 + 0.05 31.42 + 0.10
A LLFRAME phase-weighted, all candidates 31.49 + 0.11 31.41 + 0.08 0.08 + 0.08 31.29 + 0.16




TABLTL 8
I'rRror BunG g1 IN THE NGC 4414 DISTANCE

Source of Uncertaintly

Description of Uncertainty Random Errors Systematic [irrors Notes

NGC 4414
[a] WFPC2 V-band
zero point
[b] WFPC2 [I-band
Zero point
[¢] Contribution from
[al&[t]
[d] Cepheid \Y
modulus
[¢] Cepheid I modulus
[f] Contribution from
d)le]
(9] Metallicity effects

LMC

[h] LMC true distance
modulus
[i] V PL zero point

[7] T PL zero point

[K] LMC tot al
contribution

Total Uncertainty

0.04 cee 1
0.04 e 1

[a],[b] uncorrelated, but. 0.12 2
coupled by reddening law
PL ov 0.10

PL o, 0.08
[d], [€] partially correlated 0.09

0.10

Independent estimates e 0.10 3

LMC PL ce 0.05 4
oy = (027)/ 31

[.MC PL 0.03 4
o; = (0.18)/V/31

(h),[i),[j] added in 0.12

quadrat ure

{c], [f],[g],&[k] added in 0.21

quadrature

Norr.-——The error budget in the determination of the true distance modulus. (1) from Hill e/
a. 1997.(2) Application of the reddening law is discussed in Ferrareseetal. 1 996 and coupled error

given by a? x (1 — R)? + b? x B2 where R is A(V)/ E(V —I) = 2.47, according tothe Cardelliel
al. 1989 extinction law. (3) Westerlund (1997). (4) There are 32 Cepheidsin the LMC with published
VI photometry (Madore & Freedman 1991). The measured dispersion inthe PL relations at V and
[ are 0.27 and 0.18 mag, respectively.



TABLE 9
Distances 7o NGC 4414

Galaxy  Dist. (Mpc) Method Reference
NGC 4414 105 Hu regions, bright stars, luminosity class deVaucouleurs ( 1975)
16.8: luminosity class Sandage & Tammann (1975)
13.8 tertiary indicators deVaucouleurs (1979)
174 405 SN Type la(model) Miiller & Hoflich (1994)
182 + 25  Tully-Fisher (B, R, I, & H band) Pierce (1994)
175+5 SN Type la (model) Hoflich & Khokholv (1996)
191419  Cepheids this paper
TABLE 10

SN 1974G MAGNITUDES

Observed Quantities

Bz Vinaz (B -V) B Sources
125+0.2 123+ 0.2 0.17+0.10 1
1248 + 0.21 1239 + 0.30 0.10+0.36 2
Derived Quantities
By, | Mg, My, Sources
11.8+ 0.5 11.84+ 0.4 —19.6 + 0.5 —-19.6 £ 0.5 1

12.0S + 1.46 12.09+4 1.13 -19.30 + 1.48 -19.29 + 1.15 2

Nore.—Reddening correction assumes ( B-V)g = 0.00 £ 0.04
(Schafer 1995)and Ry = 4. Sources: (1) Leibundgutefal (1991),
with our estimated errors. (2) Vaughau el al. (1995).



TABLE 11a
[.LOCAL STANDARDS WI'-2

1D X Y v oy | of

5189 309.78 371.43 20.93 0.01 2031 0.01
5040 283.65 559.38 22.01 0.01 21.03 0.01
5174 668.28 369.59 23.52 0.01 2253 0.01
6006 205.69 608.08 23.41 0.01 2251 0.1
6031 433.34 632.18 24.23 0.01 2245 0.01
2764 587.14 182.00 23.9S 0.02 2328 0.04
5502 135.23 409.22 24.06 0.01 23.15 0.03
4607 254.04 315.74 24.02 0.03 2359 0.05
4136 324.36 273.80 24.07 0.03 23.75 0.05
5958 417.99 570.27 24.57 0.02 2442 0.05
2977 659.19 194.23 24.16 0.03 23.64 0.05
3233 514.17 211.26 24.24 0.03 2427 0.07
5197 574.27 372.13 24.33 0.02 23.73 0.05

4595 386.01 314.92 24.78 0.03 2448 0.07
4773 428.05 332.30 24.61 0.04 23.76 0.06

5843 169.11 496.41 25.16 0.04 2477 0.06
1890 692.88 128.37 24.95 0.04 2457 0.07
1666 753.75 115.77 24.91 0.04 24.63 0.07
4586  328.39 313.96 24.95 0.04 2459 0.07
5876 7929  509.84 25.14 0.04 2489 0.06
5740 505.36 469.70 25.63 0.04 24.83 0.06
3837 623.90 251.34 23.39 0.01 21.30 0.04

Nore.——Magunitudes of local standards are based on
AL L FRAME photometry. Frrors quoted do not in-
clude uncertainty in the photometric calibration.




TABLFEIls

[LOCAL STANDARDS WI-3

D
3953
4508
1560
1900
3724
4095
5385
2579
1742
1300
3113
4431
4022
4860
5110
5731
4821
212

6063
1361
965

767
5583
5912
3995
2324
6131
6079
4488
5247
4679
4858
4477
2853
5759
6060

Ar

321.64
169.30
482.82
375.91
379.18
121.06
619.92
443.59
646.90
288.69
287.13
322.04
191.18
543.06
402.46
710.65
80.73

320.53
544.75
243.54
332.15
108.13
134.65
144.82
275.99
259.75
163.42
450.26
372.22
64.73

291.73
461.06
200.19
348.22
635.338
317.69

Y

420..58
479.19
192.06
220,52
398.06
436.08
622.25
288.68
207.14
166.50
343.66
469.92
427.35
516.62
544.66
655.84
512.64
71.65

735.39
172.16
99.22

665.08
622.08
704.94
424.27
264.05
747.96
739.49
477.43
563.51
496.56
n16.11
475.s3
317.s4
662.99
735,12

Y

20.16
22.93
23.17
22.80
22.86
22.78
23.40
23.29
23.31
23.65
23.68
23.58
23.79
24.24
24.08
24.18
23.72
23.70
24.32
23.98
2455
24.57
24.82
24.86
23,51
24.45
24.99
24.76
24.84
24.77
24.84
24.96
24.78
24.96
25.28
25.21

ayv

0.00
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.01
0.02
0.01
0.01
0,01
0.01
0.02
0.01
0.02
0.03
0.03
0.03
0.02
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03

1

19.39
21.62
22.62
22.39
22,65
21.87
23,35
22.62
22.43
22.89
22.80
23.70
22.95
23.29
21.46
24.08
23.50
2259
24.36
2255
23.49
24.37
23.96
25.11
23.35
23.19
24.33
24.14
24.91
24.75
24.95
24.60
23.87
24.39
25.22
24, 81

o

0.00
0.01
0.03
0.01
0.03
0.02
0.02
0.01
0.02
0.03
0.03
0.05
0.04
0.02
0.01
0.04
0.05
0.03
0.05
0.04
0.04
0.05
0.05
0.08
0.05
0.04
0.05
0.05
0.07
0.07
0.08
0.06
0.06
0.06
0.09
0.08

Nowe.— -Magnitudes of local standards are based on
ALL FRAME photometry. I4 rrors quoted do not in-
clude uncertainty in the photometric calibration.



TABLE 1llc
ILocaL Stanparps WI-4

D

X

Y

Y ov

g

4461
3383
6234
19-46
1155
6238
2262
6575
6202
1012
6362
5799
3390

384.05
379.46
351.90
438.85
495.97
243.85
475.25
360.97
238.40
765.42
47491
460.75
503,77

270.14
210.90
485.69
147.18
108.97
485.88
161.92
667.00
478.30
103.14
530.52
405.90
211.32

2348 0.01
22.73 0.01
2345 0.01
2391 0.02
23.82 0.02
2398 0.01
23.53 0.01
25.36 0.03
2459 0.03
2480 0.03
2511 0.03
2511 0.04
2482 0.03

22.60
22.45
23.58
23.16
23.65
23.01
22.77
23.23
24.40
24.88
25.18
23.37
24.25

0.01
0.02
0.04
0.03
0.04
0.03
0.04
0.02
0.06
0.06
0.08
0.03
0.06

Nom. —Magnitudes of local standards are based on
ALLFRAME photometry. Errors quoted do not in-
clude uncertainty inthe photometric calibration.

TABLE 12

PARAMETERS FOR OTnER POSSIBLE NGC 4414 VARIABLES
ID  Chip X v Possible P Vi Lint
Cl12 1 775.1 91.3 69.5 2499 23.98
Cl3 2 670.4 447 35.0 2571 24.88
Cl4 1 225.3 153.7 29.2 26.16 24.98
Cibd 1 1s1.5 2304 23.8 25.59 24.24
Cl16 2 734.4 95.6 19.9 26.39 25.93
C17 2 7442 312.9 18.8 206.28  25.62
C18 3 275.1 73.2 32.8 25.93 25.14
Cl19 3 151.9 559.2 30.72 26.27 24.99
C20 3 1404 597.8 14.7 26.52 25.43
c21 4 176.8  327.5 28.4 26.06  25.12




Fig. 1.— B-bandimage of’ NGC 4411 takenatthe FLWO 1.2m telescope in ~ 275 seeing.
Superimposed is the HST/WFEFPC2field of view.



Fig. 2— A mosaic Of the median \‘Vl“l’(32i||x;:g<‘s()|'N(:(f““. Scaling is logarith mic to show

detail. North is towardthetop, and castto t he left
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Fig. 3.— The probability that a variable will be detected given the temporal sampling of our
observations, under the assumption that all initial phases are equally likely is plotted as a function

of the period of that variable. The incompleteness due to magnitude-depend ent Selection effects

has not been taken into account.
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Fig. 4.— Comparison of ALLFRAME and DoPHOT intensity-averaged magnitudes for local
standard stars and Cepheid candidates located on chips 2 through 4. Standard stars from Table 3

are represented by crosses and Cepheid candidates by solid circles.



IYig, Ha.- The PC field of view in NGC 41411 Marked are the locations of the variable candidates’

lields shown in det ail in Figure 12, North 1S toward the bottom, and east to the right.



C3

Fig. 5b.- - The WI'C2 field of view iu NGC 441.1. Marked are the locations of the variable
candidates’ fields shown in detail in Figures 6 and 12. North is toward the left, and east to the

bottom.



€20

ig. be- The WIC3 field of view in NGC 4411, Marked are the locations of the variable

candid N

ates’ fields shown in detail in igures ¢ and 12. % orth is toward the top, and east to the left.



4 ]

Fig. 5(1.- The WFCd field of view in NGC 4414, Marked are the locations of the variable
candidates’ fields shown in detail in Tigures 6 and 12. North is toward the right, and east to the

top.



Fig. 6a.- DPinder charts for each of the Cepheid candidates. Fachimage iS 51 X 51 pixels,

corresponding to 5. Orientation of each image is as in Figure 5.



I'ig. 6b.
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Light curves for each of the 11 Cepheid candidates Thel magnitudes are plotted as

solid circles,andl as opent tia ngles. Data are plotted over a second cycle for clarity.
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Iig. 8— I vs. V — I color-magnitude diagram for tile 3WIFC chips. Phase weighted/ magnitude

and color are plotted for each of the Cepheidcandidatesas solid circles.
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Fig.9.— The V and I PI, relations for the Cepheids listed in Table 7. The solid line represents the
best fit to the NGC 4414 data. The dotted lines represent the scatter expected due to the intrinsic
widt h of the Cepheid instability strip. Cepheid candidates excluded from the fit are plotted as open

circles.
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Fig. 10.— Magnitude residuals in 7 and V' from the PL relations for Cepheids in NGC 4414.
Cepheids excluded from the fit are represented as open circles. The expected scatter due to the

intrinsic width of the instability stripis represented by the solid line. The correlation expected due

to differentia reddening is given by the dotted line. The dashed line is a fit to the data.
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Fig. 11 .— The H band Tully-Fisher relation. Local calibrators from Mould et al, (1995) and
references therein are plotted as solid circles. NGC 4414 is placed on this plot using the data of
Aaronson et al. (1982b) and our new distance modulus, and is represented as an open circle with

error bars. The line is the H band TI calibration given by Mouldet al. (1995)
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Fig. 12a.- Tinder charts for the additional variable candidates. Fachimage is 51 x 51 pixels,

corresponding to 5" for the WI'C and 2’5 for the PC(candidates('12,C'11,and C15). Orientation

of each image is asinFigure5.
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Fig. 12b.



